Oocyte aging has a significant impact on reproductive outcomes both quantitatively and qualitatively. However, the molecular mechanisms underlying the age-related decline in reproductive success have not been fully addressed. BRCA is known to be involved in homologous DNA recombination and plays an essential role in double-strand DNA break repair. Given the growing body of laboratory and clinical evidence, we performed a systematic review on the current understanding of the role of DNA repair in human reproduction. We find that BRCA mutations negatively affect ovarian reserve based on convincing evidence from in vitro and in vivo results and prospective studies. Because decline in the function of the intact gene occurs at an earlier age, women with BRCA1 mutations exhibit accelerated ovarian aging, unlike those with BRCA2 mutations. However, because of the still robust function of the intact allele in younger women and because of the masking of most severe cases by prophylactic oophorectomy or cancer, it is less likely one would see an effect of BRCA mutations on fertility until later in reproductive age. The impact of BRCA2 mutations on reproductive function may be less visible because of the delayed decline in the function of normal BRCA2 allele. BRCA1 function and ataxia-telangiectasia-mutated (ATM)-mediated DNA repair may also be important in the pathogenesis of ageinduced increase in aneuploidy. BRCA1 is required for meiotic spindle assembly, and cohesion function between sister chromatids is also regulated by ATM family member proteins. Taken together, these findings strongly suggest the implication of BRCA and DNA repair malfunction in ovarian aging.
INTRODUCTION
Declining fertility is among the earliest phenotypic manifestations of aging in humans. The human genome is subject to continuous DNA damage, amounting up to 1 000 000 molecular lesions per cell per day [1] . Without continuous active DNA repair mechanisms, an organism's life span would be extremely limited. DNA damage can occur in the form of both single-strand DNA breaks and double-strand DNA breaks (DSBs). Because DSBs can affect both copies of a gene, they can result in lethal consequences for cells if left unrepaired, including severe mutagenesis, carcinogenesis, cell senescence, or apoptotic cell death [2] .
BRCA1 and BRCA2 genes belong to the family of ataxiatelangiectasia-mutated (ATM)-mediated DNA DSB repair genes that play a critical role in the safeguarding of DNA integrity [3] . The best-known clinical consequence of BRCA mutations is breast and ovarian carcinogenesis, especially that occurring prior to menopause. In addition, several other malignancies, such as pancreatic cancer, melanoma, and prostate cancer, are also associated with such mutations [4] . Increasing evidence shows that mutations in other DNA repair genes are linked to breast and other cancer types [5, 6] .
DNA damage is particularly problematic for nondividing or slowly dividing cells, where unrepaired damage will tend to accumulate over time. In contrast, in rapidly dividing cells, unrepaired DNA damage that does not kill the cell by blocking replication will tend to cause replication errors and thus mutation, and nearly all mutations are typically deleterious to cell's survival and hence are not passed on to the next generation of cells. However, rare mutations that create a survival advantage may result in the clonal expansion of the mutant cells, potentially giving rise to cancer. Thus, DNA damage is a common initiator of carcinogenesis in somatic cells, as a result of elevated mutations in frequently dividing cells [7] . In contrast, in resting cells, such as the oocyte of the primordial follicle, DNA damage likely accumulates over time due to the absence of the mechanisms to eliminate the faulty cells during replication, and thus causes aging. In fact, this paradigm would perfectly explain the triangular relationship between BRCA mutations, breast/ovarian malignancies, and oocyte aging.
Unlike in the instance of single-strand DNA breaks, when the repair can take place using the complementing strand, DSB repair requires a more complex process. The two main mechanisms of DNA DSB repair include nonhomologous end joining repair and homologous recombination (HR) repair. Although nonhomologous end joining may play a more predominant role in mitotic cells, HR is the main mode of DSB repair in meiotic cells [8] . Hence, in oocytes HR would be expected to take the dominant role to mend accumulating DSBs.
Recently emerging evidence began to tie DNA DSB repair and BRCA function to ovarian aging. Given that a sufficient body of laboratory and clinical evidence has accumulated, we undertook this systematic review to summarize the current understanding of the role of DNA repair and BRCA mutations in human reproduction.
METHODOLOGY
We searched the published articles in PubMed database, containing key words BRCA, BRCA1, BRCA2, Mutations, Fertility, Ovarian Reserve, Infertility, Mechanisms of Ovarian Aging, Oocyte, and Oocyte DNA repair in the Englishlanguage literature. We did not include abstracts or conference proceedings because the data are usually difficult to assess. This yielded 2426 articles, and by cross-referencing a final number of 64 articles were found to be relevant to the topic. Of these articles, 45 were laboratory studies, 17 were clinical studies, and 1 was both [9] . Of those, four were prospective and three of them studied Anti-Müllerian-Hormone (AMH) levels.
OVERVIEW OF ATM-MEDIATED DNA DSB REPAIR
A complex process of recognition and repair mechanisms evolved in the cell (Fig. 1) . When DNA DSBs occur, this damage is sensed within seconds by the MRN complex, which consists of MRE11, RAD50, and NBS1. This complex serves as the platform for the other DNA repair proteins to carry on the vital repair. The MRN complex is assisted in DNA damage recognition by P53BP1, which senses the changes in chromatin structure, and they consequently activate ATM. ATM is the orchestrator of the DNA DSB repair via HR, phosphorylating many downstream modulators. The cH2AX is another critical member of the process that, after being phosphorylated (cH2AX), is localized to DSB sites in a one-to-one fashion.
Because of this precise match to individual DSB sites, DNA DSBs can be quantified by visualization of cH2AX foci via confocal microscopy.
Another protein in this pathway, MDC1, binds to cH2AX via BRCA1 and is involved in the retention of the MRN complex to chromatin, accumulation of ATM, and mediation of the interaction between ATM and cH2AX. ATM phosphorylates cH2AX and activates downstream pathways, leading to cell cycle arrest (via CHK2 and inhibition of CDC2) [10] , DNA repair (activation of DNA strand resection, which leads to HR), and/or apoptosis (via c-abl and TAp63a) [11] . DNA strand resection is necessary to invade in the homologous DNA strand. The resulting single-strand DNA is coated with RPA, which in turn activates ATR and leads to cell cycle arrest (via CHK1). In germ cells, RPA is eventually replaced by Rad51 and DMC1 (the latter being germ cell specific) through a BRCA2-mediated process, which results in the initiation of HR [12] . It is through this complex interaction of ATM-mediated DNA DSB repair molecules that the cell, in our case the oocyte, fights to shield itself against the continuous onslaught of genotoxic stressors.
CLINICAL AND EARLY TRANSGENIC MICE DATA IN SUPPORT OF THE ROLE OF DNA DSB REPAIR IN OOCYTE AGING
There are numerous lines of evidence from clinical observations that supported the relationship between DNA repair and reproduction. While performing ovarian stimulation for fertility preservation in women with breast cancer, we observed that those with BRCA1 mutations especially produced fewer oocytes in comparison with those who tested negative for those mutations, as well as an untested low-risk population [13] . Furthermore, a prior study investigating the hormonal status of BRCA1 mutation carriers reported earlier menopause compared with those tested for the same mutations [14] .
Also, the disorders of DNA DSB repair mechanisms are associated with gonadal failure. In Fanconi anemia (FA), a genetic disease of DSB repair, females experience early menopause and gonadal failure [15] . Ovaries of Fanconi-gene mutant mice are hypoplastic and exhibit greatly reduced numbers of primordial follicles [16] . Interestingly, FANCD1, one of the genes responsible for FA, is none other than the BRCA2 gene, and the activated version of another gene involved in FA, FANCD2, interacts with BRCA1 [17] .
ATM is a major orchestrator of DSB repair pathways, involving BRCA1 and FANCD1/BRCA2. Most strikingly, gonadal failure occurs in both sexes of ATM-knockout mice, as a result of massive germ cell apoptosis at or shortly after the prophase I of the first meiotic division [18] . Collectively, these observations lend strong support to the validity and significance of the hypothesis that the intact DNA repair is critical for FIG. 1 . ATM-mediated DNA DSB repair pathway. DNA damage is sensed by the MRN complex (sensor of DSBs, consists of MRE11, RAD50, and NBS1) and 53BP1 (sensor of changes in chromatin structure), which consequently activate ATM (red arrows). MDC1 binds to cH2AX via BRCA1 and is involved in the retention of the MRN complex to chromatin, accumulation of ATM, and mediation of the interaction between ATM and cH2AX. ATM phosphorylates cH2AX and activates downstream pathways leading to either DNA repair (activation of DNA strand resection, which leads to HR), or cell cycle arrest (via CHK2 and inhibition of CDC2, only G 2 /M highlighted as applicable to oocyte) and/or apoptosis (via c-abl and TAp63a). DNA strand resection is necessary to invade in the homologous DNA strand. The resulting single-strand (ss) DNA is coated with RPA, which in turn activates ATR and leads to cell cycle arrest (via CHK1). In germ cells, RPA is eventually replaced by Rad51and DMC1 (the latter is germ cell specific) through a BRCA2-mediated process, which results in the initiation of HR. Hence the declining function of key DNA repair proteins, such as BRCA1, Rad51, MRE11, and ATM, would lead to impaired DNA repair function, which would then shift the pathways from cell survival mode to cell death for the genomic protection of the species. DSB sensor proteins are in blue, effectors are in green, and transducers are in red. Molecules also involved in meiotic recombination are denoted with an asterisk (*). (Reproduced from Titus et al. [9] with permission from Science Translational Medicine.)
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successful reproduction, and impaired DNA repair can lead to reproductive aging and premature depletion of ovarian reserve.
RECENT LABORATORY AND TRANSLATIONAL DATA IN SUPPORT OF THE ROLE OF IMPAIRED DNA DSB REPAIR IN OVARIAN AGING
Given this background and to determine the role of DNA DSB repair in oocyte aging, we designed studies in mice and human. We hypothesized that DNA DSB repair efficiency declines with age such that oocytes accumulate DNA DSBs over time, resulting in reduced ovarian reserve and quality, and this may explain age-related decline in fertility. First we observed that with age there was significant accumulation of DNA DSBs in primordial follicles of mice (Fig. 2) . We then analyzed human primordial follicle oocytes and found that oocytes from older females were more likely to accumulate DNA DSBs. Next, to test whether DNA DSB repair efficiency declines with age, we collected immature oocytes during in vitro fertilization procedures for women ages 21-43 yr with nonovarian infertility, and quantified expression of key ATMmediated DNA DSB repair genes, including BRCA1, BRCA2, ATM, MRE11, and Rad51 (Fig. 3) . Notably, expression of all genes but BRCA2 declined with age. This decline was more prominent after age 36 yr, consistent with the well-known sharp decline in the indices of human fertility as well as the acceleration of primordial follicle loss seen after the same age [9] . These findings heralded the existence of an important role for DNA DSB repair in human oocyte aging.
Further, to test whether acutely active DNA DSB repair was critical in oocyte survival, we downregulated BRCA1, ATM, MRE11, and Rad51 in mouse oocytes and subjected them to genotoxic stress via H202 exposure, and we found that the oocytes became more sensitive to environmental stress. Compared with the controls, these oocytes were more likely to accumulate DNA DSB, become apoptotic, and die in vitro. When BRCA1 was overexpressed, the oocytes tended to be more resistant to genotoxic stress, suggesting that DNA DSB repair is critical in oocyte survival and its resistance to oxidative stress [9] .
Recently the relationship between DNA DSB repair and aging in the primordial follicles of female rats has been reported [19] . Consistent with our findings, the investigators also observed a significant decline in mRNA levels of key DNA DSB repair genes, such as BRCA1 and RAD51, as well as H2AX. In addition, a decline in the phosphoprotein levels of BRCA1 was detected in the primordial follicles of aged rats. Besides the DNA DSB repair genes, the same study reported a decline in the expression of ERCC2 (excision repair crosscomplementing group 2, also called xeroderma pigmentosum group [D-XPD]), which is an integral member of the basal transcription factor BTF2/TFIIH complex. These results further support the potential importance of DNA repair in oocyte aging.
The above laboratory findings were also confirmed in an in vivo, transgenic mouse model. In that model, a BRCA1-mutant mouse carrying a deletion of 330 bp in intron 10 plus 407 bp in exon 11 of the Brca1 gene, which severely impairs DNA repair functions, was used [20] . It has been reported that in mouse embryonic cells that have a defective exon 11 of BRCA1, the checkpoint at the G 2 -M phase of the cell cycle is impaired, leading to a phenotype of unequal chromosomal segregation, abnormal nuclear division, and aneuploidy [21] . Homozygous mutation of the BRCA1 gene is lethal; hence, we only studied the heterozygote mouse with this deletion. We also studied BRCA2-mutant mice that carried a deletion in exon 27 of the Brca2 gene. This region codes for domains that interact with RAD51 [22] ; the latter interaction is essential for the HR repair function of BRCA2 protein. This mutation does not result in lethality, so we were able to study both the heterozygote and homozygote mouse.
The reproductive performance studies in these transgenic mice showed that the BRCA1-but not the BRCA2-mutant mice produced fewer oocytes in response to ovarian stimulation, and had a smaller litter size and fewer primordial follicles at 5 days of life compared with the wild-type (WT) mice. Moreover, the BRCA1 but not the BRCA2 mice accumulated more DNA DSBs with age compared with WT mice. In addition to BRCA1 deficiency in oocytes, BRCA1 reduction in granulosa cells also is associated with ovarian aging in monkeys [23] .
To translate these findings to human, we finally studied women with breast cancer who were tested for BRCA mutations. We measured their serum AMH levels and found that women with BRCA1 but not BRCA2 mutations had a significantly lower levels of AMH compared with BRCA mutation-negative women with breast cancer [9] . Therefore, both in vitro and in vivo studies in mice and human gave us parallel results, firmly supporting an essential role for intact DNA DSB repair in the maintenance of oocyte health and ovarian reserve.
Furthermore, a meta-analysis of 22 genome-wide association studies in 38 968 women of European decent identified several DNA repair genes to be associated with age at natural menopause [24] . One of the five candidate genes that were significantly associated with age at natural menopause was DMC1. DMC1 encodes for a protein that is essential for [25] . Collectively, these data pointed to a critical role for DNA DSB repair in human oocyte aging. The seeming absence of an impact of BRCA2 gene dysfunction on ovarian reserve in the mutant mice as well as the women we studied arises, we believe, from the fact that the decline in the function of the BRCA2 gene occurs toward the very end of reproductive life OKTAY ET AL.
and that it has functions differing from those of the BRCA1 gene. In fact, the prominence and timing of BRCA1 expression decline compared with BRCA2 also fit well with the earlier occurrence of BRCA1 mutation-related ovarian cancers [26] .
POTENTIAL ROLE OF DNA DSB REPAIR AND BRCA GENES IN OOCYTE QUALITY
One of the most consequential manifestations of human oocyte aging is the increased incidence of aneuploidy in human MII oocytes. The percentage of aneuploid oocytes has been reported to increase from 20% in females in their twenties to more than 50% in women older than 40 yr [27] . The mechanisms of this age-related increase in oocyte aneuploidy are not fully revealed. The current hypothesis dictates that the oocytes of primordial follicles, which rest in the prophase of first meiotic division (PI), are passively subjected to environmental and other unknown factors affecting oocyte health, and this results in the aging of the oocyte pool [28] [29] [30] .
Homologous recombination takes place at PI in primary oocytes prior to meiotic arrest. Oocytes use the same DNA repair mechanisms to mend DSBs that naturally occur during HR [31] . Although this process increases genetic diversity, it also may play a role in stabilizing the metaphase plate by creating physical bonds. In fact, crossovers are associated with HR events and can have stabilizing or destabilizing effects on the genome. In meiosis, crossovers are highly regulated such that at least one crossover occurs between each pair of homologous chromosomes to ensure proper chromosome segregation, while excess crossovers are suppressed [32] . In mouse, it has long been observed that chiasmata frequency decreases with age [33] , and in some strains of mice an agerelated increase in aneuploidy rates in offspring is associated with a decrease in recombination frequency between homologs [30] . Failure to repair DSBs, or misrepair, indeed results in large-scale chromosome changes, including deletions, translocations, and chromosome loss in numerous cell types [34] .
Moreover, cohesins regulate sister chromatid cohesion and recent evidence indicates that they migrate to DSB repair sites independently of the normal replication cycle [35] . Additional studies indicate that cohesion function is also regulated by BRCA1 and the member of the ATM-mediated DNA DSB repair family [36, 37] .
DNA damage also could occur at telomeres and shortens telomeres, causing aneuploidy and abortion or genetic diseases, such as Down syndrome [38, 39] . Old mouse oocytes show shorter telomeres than those of young oocytes [40] . Short telomeres also can reduce homologous pairing and recombination and cause meiotic abnormality, including aberrant chromosome alignment at metaphase and disruption of spindles, resulting in aneuploidy [41] [42] [43] . Notably, BRCA1/2 is involved in telomere maintenance [44] [45] [46] [47] [48] . Interestingly, telomere shortening also alters kinetics of the DNA DSB in response to ionization radiation in human cells [49] .
Furthermore, it has been shown that BRCA1 is required for meiotic spindle assembly and spindle assembly checkpoint activation in mouse oocytes [50] . Recent laboratory studies also showed that severe DNA DSBs reduced and delayed entry into M phase through activation of DNA damage checkpoint in mouse oocytes. Chromosome spread of MI and MII oocytes with severe DNA DSBs display fragmented chromosomes after germinal vesicle breakdown (GVBD), indicating that intact DNA DSB repair may be vital in maintaining oocyte quality [51] . Interestingly, activated oocytes harboring damaged DNA manifest cytofragmentation, a morphological hallmark of apoptosis, and this represents a unique checkpoint for DNA integrity at cleavage stages of embryonic development [52] .
Thus, it is probable that the formation and repair of DSBs are ongoing acute processes throughout reproductive life. During aging in oocytes, diminished DSB repair capacity may drive the accumulation of lethal DSBs, leading to oocyte compromise and death. In tandem, alteration of the ATMmediated DSB repair/HR mechanism results in meiotic dysfunction. This hypothesis would explain the age-related decline in reproductive performance, and the increase in the incidence of aneuploidy in children born to older women under the same mechanism. However, further laboratory evidence and translational studies are required to prove and substantiate this hypothesis.
RECENT CLINICAL STUDIES INVESTIGATING THE AS-SOCIATION OF BRCA MUTATIONS WITH ACCELER-ATED OVARIAN AGING
Reproduction studies from women with BRCA mutations are important for a number of reasons. First, a substantial percentage of women undergoing fertility preservation for breast cancer carry BRCA mutations, and it is important to understand whether carrying these mutations will affect the success of fertility preservation. Second, the studies of ovarian function in BRCA mutation carriers provide essential clues into the role of DNA repair in reproduction. However, given the heterogeneity of the BRCA mutation population and the end points that were studied, as well as the confounding factors, not all studies can be considered under the same light.
The studies that are investigating the role of BRCA mutations in ovarian aging can be grouped into four:
1. Those that use menopausal age as the end point; 2. Those that use serum ovarian reserve marker or primordial follicle count as the end point; 3. Those that use ovarian stimulation outcomes as the surrogate; 4. Those that assess fertility.
Overall, the best quality evidence comes from those studies that investigate the serum ovarian reserve marker AMH or primordial follicle counts in women with and without known BRCA mutations. These studies are generally prospective and, by virtue of hormone measurements or follicle counts, are quantitative [9, 13, 14, 53, 54] . Those that looked at menopausal age and fertility rates are retrospective/cohort studies [55] [56] [57] [58] [59] [60] [61] [62] [63] . Some are also subject to data heterogeneity and lack of appropriate controls [59, 60] . These studies as well as their major findings and weaknesses are summarized in Table 1 .
Overall, the majority of the studies with sufficient sample size and/or which are prospective in nature support the notion that ovarian reserve is diminished in women with BRCA mutations, especially in those who are affected [9, 13, 14, 53, 54] . Other studies that are retrospective in nature and without any stratification for confounders (such as BRCA mutation type; age; region; confounding factors, such as oral contraceptive use and smoking; and chemotherapy type if a patient is an affected carrier) did not detect any differences between BRCA mutation carriers and those who were not carriers [56] [57] [58] [59] [60] [61] . The two studies that looked at the parity were questionnaire studies, which also did not have the numbers to address age stratification [57, 58] . Interestingly, one study claimed increased fertility in women with BRCA mutations [59] . However, the study was hampered by retrospective design; BRCA MUTATIONS AND OVARIAN AGING absence of information on confounding factors, such as smoking and oral contraceptive use; and heterogeneous control (including untested women) and study (including both affected and unaffected carriers and no differentiation of BRCA1 vs. BRCA2 mutations) groups.
Another important selection bias that may hamper the detection of accelerated ovarian aging in women with BRCA mutations is the removal of the most severely affected individuals from a likely study population because of earlier risk-reducing salpingo-oophorectomy (RRSO), ovarian cancer, premature ovarian failure, and chemotherapy for breast cancer (Fig. 4) . This earlier attrition of severe cases of BRCA dysfunction would enrich the unaffected and least affected individuals for analysis in a general BRCA mutation population. Moreover, studies that target unaffected carriers may miss any small effect of BRCA mutations, because the decline in the function of the intact BRCA gene may be less significant in unaffected women. Supporting this possibility, the studies found small but significant differences (1-3 yr) in menopausal age between the unaffected BRCA mutation carriers and the controls. Such small differences in ovarian reserve may be difficult to detect by serum AMH assessments or fertility evaluations.
Interestingly, our first observation of low response to ovarian stimulation came from prospectively studying affected women who presented for fertility preservation with a novel protocol using aromatase inhibitors [13] . If these women were not given this new option to undergo ovarian stimulation and preserve their fertility prior to chemotherapy, their diminished ovarian function would have been solely attributed to the impact of gonadotoxic chemotherapy.
On the other hand, had BRCA mutations created an absolute infertility state, the mutations would have become extinct. Furthermore, the function of the intact BRCA allele does not significantly decline until past age 36-37 yr, and hence it is unlikely that BRCA mutations will cause infertility in younger women. However, given the strong evidence of earlier menopausal age and lower AMH levels, infertility may become more likely in women carrying BRCA mutations who are in their later reproductive years [64] .
CONCLUSIONS
In conclusion, there seems to be a relationship between BRCA gene function, intact DNA DSB repair function, and maintenance of ovarian reserve. Because of the earlier agerelated decline in the function of the intact allele, women with BRCA1 mutations may have lower ovarian reserve in reproductive age compared with those with BRCA2 mutations. In general, because of the robust function of the intact allele in younger women, it is unlikely to see a widespread effect of BRCA mutations on fertility until later in reproductive age. Further prospective studies with homogeneous control and study groups with sufficient sample size are required to confirm the preexisting evidence and whether BRCA mutations result in accelerated reproductive aging and premature infertility. Additional basic science studies studying the relationship between BRCA function, DNA repair mechanisms, and oocyte quality are also needed.
FIG. 4.
A proposed explanation for the limitations in detecting BRCA mutation-related decline in ovarian reserve and fertility. Those with the most diminished BRCA function due to a severe mutation plus early agerelated decline in the function of the normal allele either have a highly significant history of early ovarian cancer and are subjected to RRSO early on, or experience early ovarian cancer and have ovarian resection or compromised ovarian function due to chemotherapy for breast cancer, and are thereby unable to display the signs of early ovarian aging. Those with the least BRCA dysfunction may have breast or ovarian cancer late in reproductive life or may have RRSO relatively late, typically after age 40 yr. Because their BRCA and DNA repair function has not been severely compromised during the majority of their reproductive life, they will not have apparent fertility issues. The majority of women will fall into the latter category. Then there are those who do not develop cancer during their reproductive age. Those people will only have minimal BRCA dysfunction and will show a slight decline in ovarian reserve, which will translate into menopause that is earlier by 1-3 yr. In addition, BRCA2 function declines more slowly with age compared with BRCA1, explaining the more common association of BRCA1 mutations with diminished ovarian reserve. Because of these confounders, it may be difficult to clinically detect the impact of BRCA mutations on human fertility. We may have several windows into the relationship between BRCA function and ovarian aging-among the most severely affected and undergoing ovarian stimulation for fertility preservation or among the less affected and postponing childbearing to later reproductive ages. This pyramid explains why BRCA mutations are not eliminated from the population and why retrospective studies may fail to detect any association between BRCA mutations and ovarian function.
